Yellow-legged gulls have been reported to carry antibiotic-resistant Enterobacteriaceae; however, the gut mycobiota of these birds has not yet been described. In this study, we analyzed the gut yeast communities in five yellow-legged gull breeding colonies along the Mediterranean littoral in southern France. Gull fecal samples were inoculated onto four types of culture media, including one supplemented with itraconazole. Yeast species richness, abundance, and diversity were estimated, and factorial analysis was used to highlight correspondences between breeding colonies. Yeast grew in 113 of 177 cultures, and 17 distinct yeast species were identified. The most frequent species were Candida krusei (53.5%), Galactomyces geotrichum (44.1%), C. glabrata (40.9%), C. albicans (20.5%), and Saccharomyces cerevisiae (18.1%). Gut yeast community structure in the gulls at both Pierre-Blanche Lagoon (PB) and Frioul Archipelago (F) were characterized by greater species richness and diversity than in those at the two cities of La Grande-Motte (GM) and Palavas-les-Flots (PF) as well as Riou Archipelago (R). Gulls in these latter three sites probably share a similar type of anthropogenic diet. Notably, the proportion of anthropic yeast species, including C. albicans and C. glabrata, in the gull mycobiota increased with gull colony synanthropy. Antifungal resistance was found in each of the five most frequent yeast species. We found that the gut yeast communities of these yellow-legged gulls include antifungal-resistant human pathogens. Further studies should assess the public health impact of these common synanthropic seabirds, which represent a reservoir and disseminator of drug-resistant human pathogenic yeast into the environment.
Cryptococcus neoformans. 1 Additionally, several wild bird species are the reservoir of various human pathogenic agents such as viruses, Salmonella, Candida and Cryptococcus. [2] [3] [4] Migratory birds are particularly important vectors of various zoonoses. 5 The yellow-legged gull (Larus michahellis) is the most prevalent seabird in the French Mediterranean area. Gull population numbers have greatly expanded over the course of the last few decades, primarily due to the increased availability of food derived from human activities. [6] [7] [8] This species has a profound impact on the local ecosystem due to a great degree of ecological adaptability and particularly aggressive behavior. 9 Yellowlegged gulls from two colonies also in the French Mediterranean area (in which one colony fed from a city dump and the other fed offshore) were found to carry antibioticresistant Enterobacteriaceae. 10 These seabirds are known to carry human-pathogenic yeast species within their gut. 11, 12 However, the gut mycobiota of these birds has never been studied. Whether breeding biotope influences these gut yeast communities remains unknown. Therefore, the primary objective of this study was to characterize the yeast community in the gut yellow-legged gulls sampled in five distinct breeding colonies. We also aimed to assess whether the birds carry azole-resistant yeasts.
Materials and methods
Study area (Fig. 1) Overall, these study sites were characterized by a gradient of anthropogenic influence. The sites in the cities of PF and GM, which represent entirely man-made environments, were exposed to high anthropogenic influence. The suburban zone of the R and F Archipelagos were exposed to an intermediate anthropogenic impact. Finally, PB, a natural reserve distant from urban settlement, displayed very little anthropogenic influence. Notably, the Riou Archipelago, which is located just off coast from the Marseille sewage outlet at the Calanque of Cortiou, is exposed to anthropogenic pollution distinct from that atF Archipelago. 13 We further abbreviated these five study areas as: PF-High, GM-High, F-Intermediate, R-Intermediate, PB-Low, according to the level of anthropogenic influence they were exposed to.
Sample collection and processing
Fecal samples from yellow-legged gulls were collected from breeding colonies during the reproduction period at each site: in April 2013 at PB-Low, PF-High and GM-High; in July 2013 at R-Intermediate; and in September 2013 at FIntermediate. When possible, fresh droppings were selected to avoid a possible selection bias towards yeast species that resist desiccation. Each sample was collected with a sterile cotton-tipped swab dipped in 3 ml of sterile saline (0.9% NaCl) supplemented with 0.5 g/l chloramphenicol transport medium. The samples were labeled according to site and date. Each swab was vortexed in the transport medium and then allowed to sediment for at least 10 min. After removing the swab, the supernatant was transferred to a sterile conical tube. Next, 100 μl supernatant was inoculated onto each of the four culture media plates: Sabouraud agar, L-dopamine agar for isolation of Cryptococcus species (1 g asparagine, 1 g glucose, 0.2 g L-DOPA (3,4-dihydroxy-phenylalanine), 6.7 g yeast nitrogen base without amino acids and ammonium sulfate, 20 g agar, and 1000 ml distilled water; all reagents available from Sigma Aldrich, France), and Dichloran Rose Bengal Chloramphenicol (DRBC, Sigma Aldrich) agar + 10 mg/l Benomyl (Sigma Aldrich) with or without 4 mg/l itraconazole (Sigma Aldrich). The cultures were incubated for 48 h at 30
• C. The colonies were grouped according to their macroscopic appearance; up to five colonies of each morphology were identified in each culture plate and the yeast colony-forming units (CFUs) were subsequently quantified.
Yeast identification and nomenclature
Yeasts were identified via MALDI-TOF MS (matrixassisted laser desorption/ionization-time-of-flight mass spectrometry), as previously described, 14 
Statistical analyses
Species richness for each breeding colony was estimated either by cumulating or averaging positive sample values. Abundance was estimated by using either the number of positive cultures (incidence) for a given species or the CFU counts for each species. Yeast species diversity for each breeding colony was estimated using the Shannon-Wiener index, which calculates species diversity taking into account the relative abundance of each species at each site, and evenness using the Buzas and Gibson's index (evenness = e H /S; in which H is the Shannon index and S represents species richness) (available in PAST 3.05). 16 Yeast community structure similarity between breeding colonies was estimated by assessing the presence/absence of taxa using the Sorensen index 17 and the relative abundance of each species using the Bray-Curtis index. 16 We first tested the effect of dropping sample state (dry or fresh), to assess whether sample state had an effect on culture results, using the χ 2 test. The Akaike information criterion statistics was used to select the best-fitting statistical model for yeast species diversity, richness and abundance. 18 Next, yeast species diversity, richness and abundance at each breeding colony were compared using proc Genmod in SAS, version 9.2 (SAS Institute, Cary, NC, USA). Factorial correspondence analysis was computed using PAST 3.05. 16 In this analysis, the information for all sites was condensed into a two-dimensional graphical representation of similarity between study sites, with a minimum loss of information with respect to gut yeast community structure (species composition and relative abundance). Graphical proximity between sites indicated gut yeast mycobiota similarity.
Results
The geographical location of the five yellow-legged gull breeding colonies is presented on Figure 1 . Yeast grew in 113 of 177 collected samples from the five study sites: PBLow, n = 60; PF-High, n = 26; GM-High, n = 29; RIntermediate, n = 31; and F-Intermediate, n = 31. The best-fitting statistical distributions were: Normal for the yeast species diversity, Poisson for species richness, and negative binomial for abundance. From all positive samples, 90 samples were fresh, and 23 samples were relatively dry droppings. Whether dropping samples were dry or fresh did not significantly (P = .60) influence the growth of colonies upon culture. Moreover, when taking into account the gull colony effect, there was no significant difference in yeast species diversity (P = .55), abundance (P = .56), or richness (P = .91) between dry and fresh samples. Therefore, the status of samples (dry or fresh) was not included in further analyses. Overall, 17 distinct yeast species were isolated. The number of distinct yeast species from each site was 14 in PBLow, 8 in PF-High, 6 in GM-High, 5 on R-Intermediate Archipelago, and 13 on F-Intermediate Archipelago ( Table 1 ). The highest degree of yeast species richness was observed in gulls on F Archipelago, where up to 7 distinct species were isolated per sample (Fig. 2) . Details concerning the yeast communities of each study site are presented in Table 1 . C. krusei was the most frequent species found in F-Intermediate (95.7%) and R-Intermediate (81.3%); C. glabrata (53.3%) was the most frequent species observed in GM-High, G. geotrichum was the most frequent species complex in PB-Low (79.1%), and C. albicans (43.8%) was the most frequent species found in PF-High.
Notably, the yeast community structure in the guts of these gulls was similar at PB-Low and the F-Intermediate. Both harbored rich communities of 14 and 13 species, respectively. Likewise, populations from both sites displayed similar proportions of very abundant, moderately abundant, and particularly rare species (Table 1) . In contrast, the structure of the gut yeast communities in gulls at the other three breeding colonies was characterized by a relative scarcity in rarer species and a relatively poor species correlation between the three breeding colonies. The characteristics of the gut yeast communities at each study site are illustrated in Figure 3 . The richness of yeast communities varied widely between the breeding colonies (P = .0002). This was partly explained by the observation that the yeast communities in gulls from the breeding colonies of PB-Low and F-Intermediate displayed a similar (P = .39) mean (SD) richness, with 2.91 (.35) and 3.30 (.67) distinct species, respectively. Furthermore, this varied richness was also due to similar (P = .52) species diversity in the two sites, which was significantly higher than in all other sites, with pairwise comparison test p values ranging from 0.0013 to < 10 −4 . In contrast, evenness at both PBLow and F-Intermediate was lower than at the other sites due to the presence of the distinct predominant species G. geotrichum and C. krusei, respectively. The high level of evenness observed in R-Intermediate, PF-High and GMHigh was due to lack of rare species in these breeding colonies.
The similarities in yeast community structure between gulls from distinct breeding colonies are presented in Table 2 . Regarding the presence/absence of taxa, the community structure of the gulls at PB-Low shared 81.5% similarity with those at F-Intermediate; while those at GMHigh shared 66.7% similarity with gulls at R-Intermediate and PF-High. Concerning the relative abundance of each species, the community structure at F-Intermediate clustered with R-Intermediate (79.2% similarity) and PierreBlanche (59.6% similarity). Overall, yeast species structure was similar at F-Intermediate and PB-Low, whereas the relative abundance of species was similar at the R-Intermediate and F-Intermediate Archipelagos.
Factorial correspondence analysis (Fig. 4) illustrated the correspondence between yellow-legged gull breeding colony locations and the associated yeast community structure, taking into account the relative abundance of each species. PB-Low, F-Intermediate and PF-High were the most divergent sites; each was characterized by either specific species (which were not isolated in any other location, i.e., C. lambica and C. pelliculosa at PB-Low or Cryptococcus uniguttulatus and Hanseniaspora guilliermondii at F-Intermediate) or particular abundant species combinations (i.e., an abundance of Candida zeylanoides and Aureobasidium pullulans as well as the absence of Galactomyces geotrichum at PF-High). The large majority of the C. krusei isolates originated from yellow-legged gull breeding colonies located on the two archipelagos off the coast of Marseille: R-Intermediate and F-Intermediate. Assessment of the gut yeast community structure in these two archipelagos, the yeast community in the gulls of R corresponded to a subset of those in F-Intermediate. The most abundant yeast species at GM-High were also abundant at all other sites; and C. glabrata was the predominant species at this site as illustrated in Figure 4 . Table 1 . Yeast species distribution and relative abundance estimated either via the proportion of positive samples or the total number of colony forming units (CFU) in the five study areas.
Note: Red = the highest percentage, Dark brown = > 20%, Light brown = < 20%, Yellow = < 5%.
Analysis of the yeast community structures grown on DRBC and DRBC media supplemented with itraconazole ( Fig. 5 ) revealed azole-resistant isolates among the following species: C. glabrata, C. albicans, C. krusei, C. kefyr, C. lusitaniae, G. geotrichum, S. cerevisiae, and Kloeckera apiculata. No resistant isolates were detected among the C. lambica, C. pelliculosa, C. tropicalis, C. zeylanoides, and Cryptococcus uniguttulatus isolates. In contrast, a few species, including C. kefyr, Hanseniaspora. Guilliermondii, and Pichia kluyveri, were isolated exclusively in the presence of itraconazole. Notably, only a single Cryptococcus sp. isolate (C. uniguttulatus) was detected in our study, despite of the use of specific dopamine agar medium.
Discussion
This is the first study of gut yeast communities in yellowlegged gulls (Larus michahellis), which highlights the richness of the yeast species communities and the striking differences with respect to geographic location of the gull breeding colonies. These observations are in line with the findings of a similar study conducted on South American kelp gulls (Larus dominicanus). 19 We observed the highest degree of yeast species richness and diversity in gulls breeding on the F-Intermediate Archipelago, followed by those in the natural reserve of PB-Low. In contrast, the lowest species diversity was observed in gulls breeding on the R-Intermediate Archipelago. The reasons behind the clear dissimilarity between these two archipelagos off the coast of Marseille are unknown. Recently, Duhem et al. have analyzed yellowlegged gull pellets on these two archipelagos and concluded that they shared a similar type of diet. 20 In contrast, our findings of varied species diversity between the gut yeast communities of yellow-legged gulls on these two archipelagos suggest that the gulls breeding on the F-Intermediate Archipelago have easier access to a more varied diet (hence the high yeast species diversity) than those breeding on the R-Intermediate Archipelago. The pollution of the marine environment of R-Intermediate might influence the gull mycobiota, as the archipelago is approximately 4 km off coast from the inlet of Cortiou, where the Marseille sewage outlet is located. 13 In summary, the gut yeast communities of these yellow-legged gulls displayed significantly higher diversity in PB-Low and F-Intermediate than in the other breeding colonies. We therefore hypothesize that the gulls in GMHigh, PF-High, and R-Intermediate shared a similar type of diet, likely primarily derived from garbage from domestic refuse or outdoor dumps. Whether the predominance of either Galactomyces or Candida spp. in the gull mycobiota depends on the bird's principal dietary resource remains to be elucidated; nevertheless, we discuss this hypothesis with a focus on species particularities. It has been demonstrated that these yeast communities can survive in the high-temperature (41 ± 2
• C) and low-pH environment of the gull's gut. 2 The prevalence of C. krusei, C. glabrata, C. albicans, and S. cerevisiae was higher in the current study than previously observed in other gull species, including lesser black-backed gulls (Larus fuscus), slender-billed gulls (L. genei), herring gulls (L. argentatus), and black-headed gulls (L. ridibundus). 21 In contrast to the kelp gull (Larus dominicanus), in which the predominant yeast species was C. lambica, 19 the predominant species in the yellow-legged gull were G. geotrichum, C. krusei, C. glabrata, or C. albicans depending on breeding colony location. Interestingly, C. krusei was the predominant species Table 2 . Gut yeast species similarity between the five yellow-legged gull breeding colonies, estimated via either presence/absence data, using the Sorensen index (upper triangle), or abundance data, using the Bray-Curtis index (lower triangle). in the colonies on the two archipelagos off the coast of Marseille; and it was also second only to G. geotrichum in the natural reserve of PB-Low. In the kelp gull, C. krusei was second only to C. lambica. 19 In seawater, C. krusei is considered an indicator of pollution from terrestrial sources. 22 Moreover, Duhem et al. have shown that the diet of the yellow-legged gulls breeding in the F-Intermediate and R-Intermediate Archipelagos consists mainly of nutrients from refuse dumps and terrestrial sources. 20 We thus hypothesize that Candida krusei colonizes the yellowlegged gull's gut due to consumption of polluted seawater, refuse dumps and/or other terrestrial sources in the vicinity of the metropolis of Marseille. The second most frequent species observed in this study was G. geotrichum, which was predominant in the gulls from PB-Low, relatively frequent in those from the R-Intermediate and F-Intermediate Archipelagos, and very rare in those from GM-High. G. geotrichum is present in many foods and considered a normal component of the human gut microbiota. 23 We found no data concerning the diet of yellow-legged gulls in PB-Low. However, the presence of G. geotrichum likely stems from a food-borne origin as these gulls commonly feed from both refuse dumps and terrestrial sources, and less frequently from marine sources. 20 Interestingly, the highest prevalence of C. glabrata and C. albicans was observed in the gull colonies located on building rooftops at PF-High and GM-High. Notably, these two species also represent the most frequent yeast species involved in human infections, particularly in bloodstream infections. 24 Whether the presence of these anthropic yeasts is associated with the close proximity of these gulls to humans and/or anthropogenic food resources remains to be confirmed. In correlation with this hypothesis, we found that the prevalence of C. albicans, the major commensal and pathogenic yeast species in humans, increased with proximity of gull colonies to human settlements and activities. This finding is in agreement with a study conducted in a remote human community in French Guiana, which highlighted a very low carriage rate of C. albicans and a high carriage rate of C. krusei, in both Amerindians and various animals in their environment. 25 Saccharomyces cerevisiae was primarily isolated in gulls from PB-Low and the F-Intermediate Archipelago, the two locations that displayed the highest degree of species diversity and richness. In kelp gull, the presence of this species has been associated with gull diets that were closely associated with human activities. 19 Indeed, S. cerevisiae is probably the most frequent yeast species found in human food, and it sometimes colonizes the human gut and can cause infections in immunodeficient patients. 26, 27 Rarer yeast species, such as C. lusitaniae and C. tropicalis, have also been isolated from synanthropic wild bird droppings in the suburb of Kuala Lumpur. 12 Remarkably, we did not isolate the human pathogen Cryptococcus neoformans, which is commonly associated with birds, especially pigeons, [28] [29] [30] [31] despite the use the specific dopamine agar culture medium. C. uniguttulatus, which is rarely involved in human diseases, was only isolated from one sample collected on the Frioul Archipelago. Thus, we conclude that the yellow-legged gull is unlikely to be reservoir for Cryptococcus spp. Itraconazole-resistant isolates were observed in C. glabrata C. albicans, and C. krusei as previously reported. 12, 32, 33 The most abundant yeast species isolated on DRBC media supplemented with itraconazole were C. glabrata, G. geotrichum, C. krusei, S. cerevisiae, and C. albicans. These species and most of the others identified in this study have been shown to be involved in human mycoses and thus share zoonotic potential. 34 A recent study has also reported many antifungal-resistant yeast species isolated from synanthropic wild bird droppings. 12 Indeed, our findings and other reports indicate that the yellow-legged gull may act as a reservoir and vector of drug-resistant human pathogenic yeasts, including some drug-resistant species.
The yeast mycobiota composition of yellow-legged gulls varies with respect to the geographical location and, probably, the bird's diet. Among the diverse yeast species communities identified in this study, human pathogens such as C. krusei, C. glabrata, and C. albicans, some of which are highly resistant to antifungal drugs, were frequently isolated. The frequency of anthropic yeast species in the gut of these gulls increased with synanthropy of the gull colonies. The yellow-legged gull may thus act as reservoir and contribute to the dissemination of many yeast species, including antifungal drug-resistant isolates of species involved in human infections. Further genetic studies are warranted to investigate the gene flow between yeast populations carried by sympatric humans and gulls.
